Abstract
Introduction
Since Wolfgang E. Pauli, the Austrian physicist, firstly predicted the existence of neutrinos, scientists from all over the world started to investigate neutrinos. As the basis of neutrino experiments, the neutrino detector was also intensively investigated by scholars. Numerous kinds of neutrino detectors have been established worldwide and they can roughly be classified into four types in structure: cylindrical structure [1] , acrylic spherical structure [2] , balloon (thin membrane) structure [3] and linetype structure [4, 5] . For the detectors with the structure of acrylic sphere, the SNO detector [2] is the most typical one, which is located at 2039 m underground and has the diameter of 12 m and the ability to contain 1 kilotons of detecting liquid. Arthur B. McDonald, the chief scientist of SNO neutrino experiment successfully won the 2015 Noble Prize in Physics. The JUNO central detector will adopt the acrylic spherical structure as well and be supported by a stainless steel latticed shell. Its diameter will be 35.5 m and the capacity will reach 20 kilotons. In view of the huge scale, the bearing capacity of the structure is of high requirement. In the working condition, the maximum Mises stress of large areas on the acrylic can not exceed 5 MPa and that of local parts should be limited within 10 MPa [6] . Moreover, the structure must be safe and reliable under the effects of external factors.
Besides, the connecting joint of the acrylic and stainless steel is the key studying issue, since it directly relates to the safety of the whole structure. Researches about the acrylic (polymethyl methacrylate, PMMA) and stainless steel have been carried out in depth by many scholars. Among them, Wu et al. [7] compared test results of PMMA under the tensile loading at intermediate strain rates (2.92 × 10 −1 , 6.54 × 10 −1 , 2.81, 18.6 s −1 ) with those under quasi-static loading (2.31 × 10 −5 , 2.38 × 10 −4 , 2.38 × 10 −3 , 2.00 × 10 −2 s −1 ). They reported that the mechanical behavior of PMMA was strongly sensitive to the strain rate. The strength and initial modulus increased simultaneously with the strain rate, while the fracture strain exhibited the opposite tendency. Richeton et al. [8] [9] [10] conducted the uniaxial compressive experiment on PMMA under the temperature ranging from -40°C to 180°C and strain rate from 0.0001 s −1 to 5000 s −1 . The result showed that the mechanical response was noticeably affected by the temperature and the strain rate. The increase of temperature or decrease of strain rate would lead to the decrease of the initial Young's modulus, yield stress and strain hardening rate of PMMA. Chen et al. [11] also experimentally studied the tensile and compressive behavior of PMMA under dynamic and quasi-static loading. They concluded that the dynamic stress-strain behavior showed a great discrepancy under tension and compression, while the difference was less significant in the quasi-static test. Specimens failed in a ductile form under the quasi-static tension, but in a brittle form under the dynamic tension. Palm et al. [12] investigated the large strain mechanical behavior of PMMA near the glass transition temperature and found a three-dimensional constitutive model which was capable of describing the stress-strain behavior successfully. Hassan et al. [13, 14] studied the influence of annealing temperature on the dynamic crack propagation in PMMA and revealed that annealing under 90°C was recommended for the casted type PMMA and 85°C for the extruded type with the intent of obtaining the maximum dynamic stress intensity factor, K D . With respect to the stainless steel, Wang et al. [15] [16] [17] [18] [19] carried out substantial researches. In literature [15] , bearing capacities of the stainless steel X-type, H-type and I-type spiders used in point supported glass facades were experimentally and numerically investigated, and a proper design formula was proposed for the stainless steel spiders. Fan et al. [20, 21] studied the nonlinear stress-strain behavior, anisotropy and cold hardening properties of stainless steel materials through mechanical property tests and conducted stub column tests to investigate the failure phenomenon, process and mechanism of stainless steel stub columns withstood axial and eccentric load. Salih et al. [22] [23] [24] performed a numerical research on the bearing capacity of stainless steel connections between both thick and thin plates, and the FE predicted results were validated by the test results. The previous studies mainly focused on the respective mechanical behaviors of acrylic (PMMA) and stainless steel, however, little attention was paid to the bearing capacity of the connection of acrylic and stainless steel.
In the present paper, the structural scheme of an acrylic ball supported by a double-layer stainless steel latticed shell is firstly proposed, and the FE model of the whole structure is subsequently established in ABAQUS software. The bearing capacity of the structure under the working condition is studied and influences of the external factors are analyzed. As for the joint of acrylic and stainless steel, three specimens are designed and tested, and the corresponding FE simulations are carried out.
2 Design and FE model of the structure 2.1 Structural design The JUNO central detector will be installed in a large water tank. The density of the liquid scintillator inside the acrylic ball is 0.866 × 10 3 kg/m 3 and that of water outside is 10 3 kg/m 3 . Due to the density difference of these two liquids, a kind of upward buoyancy will be produced in the working condition. Meanwhile, 15000 photomultipliers (PMTs) will be mounted on the stainless steel latticed shell in order to capture the light produced inside the acrylic ball. The diameter of the PMT is 0.5 m and mass 10 Kg. For the purpose of obtaining a structural scheme satisfying the fundamental requirement, the scheme of an acrylic ball supported by a double-layer stainless steel latticed shell is proposed, as shown in Fig. 1(a) . The diameter of the acrylic ball is 35.5 m, the thickness of the upper hemisphere is set to be 80 mm and that of the lower hemisphere is determined as 120 mm. For the stainless steel latticed shell, the diameter of the inner layer is 38.5 m and that of the outer layer is 40.5 m. Web members are utilized to connect the inner and outer layer, whilst the detector is fixed on the ground by bearing supports. The acrylic ball and stainless steel latticed shell are linked up by some stainless steel braces. The patched acrylic and fastener are utilized in this connection to enlarge the contacting area, as presented in Fig. 1(b) . Each joint between stainless steel components on the inner layer corresponds to a stainless steel brace which is connected with the acrylic ball. However, only joints on the lower hemisphere of the outer layer correspond to braces, since the pressure difference on the lower hemisphere is significantly higher than that on the upper hemisphere and more braces on the lower is beneficial for the even stress distribution. Eventually, the total number of braces is 503. The circle tube is adopted for all the stainless steel components and the sizes are shown in Table 1 .
FE model and analysis
The geometric model is firstly established in AUTOCAD software, and afterwards put into the Rhinoceros software to generate the file with the extension of "igs", which can be read in ABQAQUS package. In the FE model, the stainless steel components are simulated by the element B31. B31 is a 2-node linear beam element with one integration point. For the acrylic ball, element S4R and S3 are adopted. S4R is the 4-node general-purpose shell element with reduced integration and S3 refers to the 3-node triangular shell element, which is degenerated version of S4R and fully compatible with S4R [25, 26] . Both the elements S4R and S3 have just one integration point. The large area of the acrylic ball is stimulated by the element S4R, however, the element S3 is utilized for some parts with uneven mesh generation. The thickness integration follows Simpson rule and the number of thickness integration points is 5. Eventually, the total numbers of element B31, S4R and S3 are 30829, 14411 and 280, respectively, and the node number is 42648. The connections between the stainless steel components are rigid, while the rotation freedoms of braces (apart from some braces near the poles) are released. In order to improve the calculating efficiency, braces are linked up with the acrylic ball directly and the real joint in Fig. 1(b) is not taken into consideration in the whole FE model. Since the acrylic and stainless steel are in the state of low-stress level in the working condition and the materials still keep elastic, the linear elastic behavior merely requires to be considered. The mechanical properties of materials are listed in Table 2 . As for loads applied in the model, three kinds of load are taken into account: structural self-weight, selfweight and buoyancy of PMTs, the pressure difference inside and outside the acrylic ball. Inasmuch as the PMTs are mounted on the inner layer latticed shell, their self-weight and buoyancy are applied on the inner layer in the form of point load. Furthermore, the pressure difference on the acrylic ball is able to be simulated by the linearly distributed pressure in ABAQUS. Besides, the partial load factor, 1.35, is taken for all the loads.
The predicted results are shown in Fig. 2 . It is noticed that the maximum Mises stress on the acrylic ball is 8.5 MPa, located at the lower hemisphere and smaller than 10 MPa. The maximum Mises stress on the latticed shell is 83.4 MPa, significantly lower than the yield strength. The maximum axial force of braces is equal to 193.6 KN and it is tensile force. Moreover, the maximum structural deflection is about 35.1 mm, approximately equal to 1/1014 of the span which meets the design criteria of Chinese space frame structures code, JGJ7-2010 [29] .
Influence factor analysis
The working life of the JUNO central detector is 20 years. Therefore, three influence factors which may occur in this period are taken into consideration: the variation of the liquid level, earthquake action and joint failure.
Variation of the liquid level
Water is outside the acrylic ball and the level is determined. However, the liquid level of the scintillator inside the acrylic ball can be artificially adjusted. In the normal working condition, the liquid levels are the same. Nevertheless, with the intent of studying the influence of liquid-level variation on the bearing capacity of the structure, the liquid-level difference inside and outside the acrylic ball is taken as -2 m, -1 m, 0 m, 1 m, 2 m, respectively. The calculating results are summarized in Table 3 .
It is noticed that the maximum Mises stress on the acrylic and latticed shell and the maximum forces of braces decrease with the increase of liquid-level difference. When the difference is 2 m, the maximum Mises stress on the acrylic is equal to 7.0 MPa and decreased by 17.2% compared with the results at 0 m. On the contrary, the maximum stress reaches 12.1 MPa when the difference is -2 m. However, if the partial load factor, 1.35, is not taken into account, the real stress is equal to 9.0 MPa and still lower than 10 MPa. The maximum structural deflection at 2 m is higher than that at 0 m, while it is still very small compared to the span and therefore not the controlling factor. Accordingly, a proper elevation of the liquid level inside is advantageous for the structure.
Earthquake action
Based on the Chinese code for seismic design of buildings, GB50011-2010 [30] , the seismic precautionary intensity of Jiangmen city is 7 degree and the design basic acceleration of ground motion is 0.1 g. The experimental site of the JUNO central detector follows these items. Moreover, this detector is installed at 700 m underground and will be less affected by the earthquake relative to the structures above the ground [31] [32] [33] . Consequently, the adption of the design basic acceleration of the ground motion as 0.1 g for the JUNO central detector is very conservative.
The results under earthquake action are listed in Table 4 . It is known that the maximum Mises stress on the acrylic is equal 8.6 MPa and the amplification compared to the stress without consideration of earthquake is only 1.6%. The maximum Mises stress on the latticed shell reaches 87.1 MPa and the corresponding amplification is equal to 4.4%. The maximum force of braces reaches 199.2 KN and increased by 2.9%. The maximum structural deflection is equal to 38.6 mm and increased by 10.0%. It indicates that the variation is not pronounced and the structure is secure and reliable under the earthquake action.
Joint failure
The weakness of this structural scheme is the connection of the acrylic and stainless steel, thus the influence of the joint failure on the bearing behavior is imperative to be analyzed. In the present paper, the failure of the joint with largest stress, the failure of the joints in the same latitude of the joint with largest stress, the failure of the joints in the same longitude on the lower hemisphere and the failure of some random joints are separately taken into consideration. The results are shown in Fig. 3 .
It is noticed that the failure of the joints in the same longitude on the lower hemisphere leads to the greatest increase of the Mises stress on the acrylic ball and the stress reaches 10.8 MPa with an amplification of 27.1%. However, if the partial load factor, 1.35, is neglected, the real stress is equal to 8.0 MPa and still lower than 10 MPa, nevertheless, the probability of this kind of failure is very low. The most possible condition is the failure of the joint with largest stress, in which the maximum Mises stress on the acrylic is equivalent to 9.1 MPa and the amplification is equal to 7.1%. Accordingly, this detector is relatively safe.
Bearing capacity of the joint
The acrylic ball is supported by stainless steel braces through the connecting joint in Fig. 1(b) . However the structural stability is relative to the bearing capacity of the joint closely. Therefore the experimental and numerical researches on the mechanical behavior of the joint are necessary. It is known from Fig. 2(c) that the maximum axial force of braces is a tension about 193.6 KN and the real force is about 140 KN, if the partial load factor is not taken into consideration. Consequently, 140 KN is taken as the design load of the joint. Compared with stainless steel material, the acrylic material is weaker due to its lower yield strength. Thus the stress level on the acrylic is of great concern.
Test procedure
The test purpose is to investigate the ultimate load-bearing capacity, the stress level on the acrylic under the design load and the macroscopic response under long-term loading of the joint for the JUNO central detector.
Specimens and measure points
The joint specimens include three parts: main acrylic, patched acrylic, stainless steel fastener. The size of the main acrylic is 1800 × 1800 mm and thickness 120 mm. The size of the patched acrylic is shown in Fig. 4 . Three non-identical specimens are designed, as presented in Fig. 5(a)-(c) . In tests, the main acrylic is restrained by a fixing device and the width of the contacting area is equal to 250 mm, as shown in Fig. 5(d) .
The type of the fastener, processing technology, temperature and illumination conditions are different for these specimens, leading to the discrepancies of initial imperfections, as depicted in Table 5 . Specimen JD1 exhibits a lot of bubbles, since the fastener and patched acrylic are polymerized together and they show a great expanding discrepancy in the process of heating and cooling due to the different linear expansion coefficients. However, the patched acrylic and fastener are not polymerized together and a rubber blanket is utilized in JD3, whilst the requirements of temperature and illumination conditions are satisfied. Accordingly, the specimen JD3 is nearly not affected by the initial imperfection.
Strain rosettes are mainly distributed in three areas: the upper surface of the patched acrylic (represented by A), the upper surface of the main acrylic (represented by B) and the lower surface of the main acrylic (represented by C). As numerous strain rosettes are utilised, only those with largest value are given, as presented in Fig. 6(a)-(c) . A8-2 refers to the measure point A8 on the upper surface of the patched acrylic in the JD2 test and others can also be obtained by this way. All the displacement meters (represented by W) in these three tests are provided, as presented in Fig. 6(d)-(f) . In the JD1 test, W1-1 and W3-1 measure the relatively vertical displacements between the fastener and main acrylic, whereas W2-1 and W4-1 measure those between the patched acrylic and main acrylic. In the JD2 test, all the displacement meters measure the relatively vertical displacements between the patched acrylic and main acrylic. In the JD3 test, W1-3 and W3-3 measure the relatively vertical displacements between the patched acrylic and main acrylic, while W2-3 and W4-3 measure those between the fastener and patched acrylic.
Loading apparatus and method
Due to the influence of gravity, when the force of the jack is applied to 155 KN, the actual load on specimens reaches the design value, 140 KN. In consideration of the misalignment in practical installation, loads applied on JD1 and JD2 are sideling with an angle of 5°, as depicted in Fig. 7(a) , while the force on JD3 is vertically upward since the purpose of this test is to investigate the ultimate bearing capacity of this joint without consideration of the installation error, as presented in Fig. 7(b) . After 155 KN, a 10-day sustained loading test is carried out on the JD1 to study its bearing behavior under long-term loading. In this process, the load is totally provided by two lead screws.
The loading method consists of four steps, among which the sustained loading step is only for the JD1:
• Pre-loading. The load is applied with jack to 20 KN. If the displacement is pronounced, the setup will be adjusted to ensure the perfect contact of the specimen and fixing device. Then, the jack is unloaded.
•
Step loading. The load is applied to 15 KN at first and subsequently increases 20 KN in each step until 155 KN. Meanwhile, the stress and displacement values will be measured.
• Sustained loading. Since the jack is unable to provide a longterm load, lead screws take the place of jack in this step. The load of the jack is firstly freed and then readjusted to a certain value. High-strength nuts on one side of lead screws are tight- ened and the load of the jack is released slowly at the same time until the jack is entirely free.
• Failure loading. The load is applied using the jack until the failure of the specimen and the ultimate bearing capacity can be determined. 
Test phenomenon and result 4.2.1 Test phenomenon and failure state
There is no apparent phenomenon in the pre-loading and step loading stages in the JD1 test. However an initiation of a disengaged layer which locates at the edge of the stainless steel fastener is remarkable on 1-2 days in the sustained loading procedure, as shown in Fig. 8(a) . The disengaged layer develops along circular direction and finally to the two-thirds of the circle on 3-5 days. Afterwards bubbles gradually arise at the edge of the patched acrylic on 6-10 days, as depicted in Fig. 8(b) . In the process of the failure loading, an obvious sound is made when the load reaches 240 KN and bubbles continuously develop. At 288 KN, the crack propagates from the edge of the patched acrylic to the main acrylic, resulting in the rupture of the specimen JD1, as shown in Fig. 8(c) .
There is no apparent phenomenon in the pre-loading and step loading stages in the JD2 test. However, a tiny sound is made under 195 KN in the process of the failure loading and the specimen fails at 325 KN accompanying with a huge sound. The crack grows from the patched acrylic and develops to the main acrylic, as shown in Fig. 8(d) .
No pronounced phenomenon appears in the pre-loading and step loading stages in JD3 test as well. When the load of the jack reaches 320 KN, a tiny sound is made. Finally, the specimen fails at 513 KN accompanying with a huge sound and the separation of a large block of acrylic from the patched acrylic. Cracks symmetrically distribute along four directions, as shown in Fig. 8(e) .
Result curves
For the sake of brevity, only a few parts of measuring result curves are presented in Fig. 9 . In Fig. 9(a)-(b) , the displacement and Mises stress versus load curves of some classic measure points on the JD1 are given. The curves in step loading and failure loading are listed in the same figure for the convenience of comparison. In Fig. 9(c)-(d) , the displacement and Mises stress versus load curves of some measure points on the JD2 and JD3 are presented.
Discussion
In the sustained loading step of the JD1 test, the disengaged layer and bubbles appear at the edge of fastener and patched acrylic respectively, which is mainly caused by polymerization defects. However, the acrylic itself does not fail under long-term loading. It is known from Fig. 9(a)-(b) that the initial displacements and Mises stress of measure points are not equal to zero at the beginning of the failure loading, demonstrating that the creep behavior of the acrylic in the sustained loading step is obvious.
Cracks on the JD3 grow from the patched acrylic and propagate along four directions uniformly. That is because the load on the JD3 is vertically upward and the processing technology of the JD3 is more perfect than others. It is also known from test results that ultimate bearing capacities of the JD1, JD2 and JD3 are equal to 288 KN, 325 KN and 513 KN, respectively, and the bearing capacity of this kind of joint is at least twice as large as the design load. However, the ultimate bearing capacity of the JD3 is enhanced substantially based on the previous ones.
There are no obvious phenomena under the design load, 140 KN, in these tests, thus specimens are relatively safe in this condition. Fig. 9(c)-(d) shows that acrylics of JD2 and JD3 almost remain elastic until the failure. However, when acrylics are subjected to an external load, a great deal of crazing appears and continuously develops into cracks with the increase of the load. As long as the load increases to some certain value, sounds will be made as a result of the crack extension. Only if the crack is long enough, an unstable propagation will happen, resulting in the failure of specimens. Fig. 8 shows that the failure form of acrylics is the penetration of one or several cracks and different from ordinary glasses.
Numerical analysis 4.4.1 FE model
The aim in carrying out the FE analysis is investigating the state of the joint under the design load, 140 KN. As the JD3 is less affected by the initial imperfection than the JD1 and JD2, only the FE model of the JD3 is introduced herein for the sake of brevity. The upper end of the fastener has little influence on the stress level of the acrylic and it can be simplified as the type in Fig. 10(a) . Meanwhile, the load of 140 KN is uniformly distributed on the upper surface. Since the joint kept elastic at 140 KN, the mechanical properties of the acrylic and stainless steel can be taken according to Table 2 . The rubber is a kind of hyper-elastic material, but can be simplified as the elastic material under small deformation. The elastic modulus of the rubber is set to be 4.7 MPa and Poisson's ratio 0.5.
In the FE model, the solid element C3D8R is adopted for all parts. C3D8R is the 8-node linear brick element with reduced integration. The element number is 13185 and the node number is 17487. As the main acrylic and patched acrylic are connected as a whole part by the bulk polymerization and the relative displacement between these two parts will lead to the failure of the joint specimen, the connection between them can be defined using the "Tie" command in the "Constraint Manager", as presented in Fig. 10(a) . However, the relative sliding between the patched acrylic, rubber and fastener is possible, thus the connection between them is simulated by the "surface-to-surface" contact in the "Interaction Manager", as shown in Fig. 10(b) .
Comparison between FE and test results
In order to obtain the values in tests corresponding to the FE results, test values under 15 KN are subtracted from those under 155 KN. The comparison between test and FE results of JD1, JD2 and JD3 is shown in Table 6 . Only the maximum displacements in tests are given.
It is noticed that the relative displacements in these three joint tests are all very small and less than 2 mm. Therefore the displacement is not the controlling factor. The maximum Mises stress on the acrylic does not exceed 10 MPa, which satisfies the requirement of the JUNO central detector.
The JD3 is processed with a perfect polymerization so that the elasticity modulus of the patched acrylic reaches the standard, thus stresses on the patched acrylic of the JD3 are significantly higher than those on the patched acrylics of the JD1 and JD2. In general, the FE results of the JD3 are well consistent with the experimental counterparts. However, the numerical results of the JD1 and JD2 have a certain discrepancy with the experimental results. That is because the initial defects have pronounced effects on these specimens, which is hardly stimulated in the FE model.
Conclusions
The structural scheme of an acrylic ball supported by a double-layer stainless steel latticed shell is proposed for the JUNO central detector, and afterwards the FE simulation of the structure is conducted in the ABAQUS software. The bearing capacity of the detector is investigated in consideration of the variation of the liquid level, earthquake action and joint failure. Furthermore, the bearing behavior of the connecting joint of the acrylic and stainless steel is intensively studied by the experimental and numerical methods. The conclusions can be drawn as follows:
• In this scheme, the maximum Mises stress on the acrylic ball is equal to 8.5 MPa, less than 10 MPa. The maximum Mises stress on the latticed shell is equal to 83.4 MPa, significantly lower than the yield strength. The maximum axial force of braces reaches 193.6 KN and it is the tensile force. The maximum structural deflection is about 35.1 mm, approximately equal to 1/1014 of the span. All these results satisfy the requirement of the JUNO central detector.
• The elevation of the liquid level inside the acrylic ball is advantageous for the structure. When the liquid level difference inside and outside is equal to 2 m, the maximum Mises stress on the acrylic is decreased by 17.2% compared with the result at 0 m. The earthquake has little influence on the structure, which merely leads to the stress amplification of 1.6% on the acrylic and 4.4% on the latticed shell. The most possible failure mode in the whole structure is the failure of the joint with largest stress, which results in the maximum Mises stress on the acrylic reaching 9.1 MPa. However, it is still lower than 10 MPa. In sum, the structure is secure and reliable.
• The ultimate bearing capacities of three joint specimens designed in the present paper are equal to 288 KN, 325 KN, 513 KN, respectively, and the bearing capacity of this kind of joint is at least twice as large as the design load. It is known from test and FE results that the maximum stress on the acrylic of the joint is lower than 10 MPa, which satisfies the using requirement.
• In JD2 and JD3 tests, the acrylic keep elastic before the failure, while the acrylic exhibits the creep response under longterm loading in the JD1 test. In the failure loading step, when the external load increases, the crazing and defects generally develop into cracks, which will propagate unstably at last and lead to the rupture of specimens. It is noticed that although the failure of the acrylic is brittle, it will not present the fragment state and is different from ordinary glasses. Thereby, the acrylic is less dangerous to residents and suitable to be utilized in building structures.
• In the processing of the joint, the common polymerization of acrylic and stainless steel should be avoided, because the discrepancy of linear expansion coefficients between these two materials will trigger lots of bubbles inside the acrylic. Meanwhile, requirements of temperature and illumination conditions should be satisfied as well.
